Dipicolinic acid (DPA) was crystallised in microemulsions to investigate the effect of 3D nanoconfinement on the crystallisation process. The microemulsions were acidified with 2M HCl to prevent the formation of DPA metal salts, which occurs due to a pH shift towards neutrality arising from the nanoconfinement. TEM analysis showed that 30-100 nm square-plate nanoaggregates crystallised from these acidified microemulsions. Higher resolution TEM images revealed that the nanoaggregates consisted of smaller 3-10 nm nanocrystals. The FFT's obtained from images of these nanocrystals were similar to the diffraction pattern arising from the whole nanoaggregate confirming that the nanocrystals exhibited ordered packing and resembled mesocrystals. The crystallisation of the nanoaggregates is aided by the suppression of Ostwald ripening of the nanocrystals in the nm-sized microemulsion droplets and surfactant adsorption onto the nanocrystals.
INTRODUCTION
Crystallisation and nanoparticle synthesis within microemulsions has attracted significant interest because improved control over crystal size, morphology and polymorph selection can potentially arise. Recently, we have demonstrated that a microemulsion can be used to exert thermodynamic control over the crystallisation process so that the most stable polymorph selectively crystallises under conditions where crystallisation is just favourable. 1 This methodology has been successfully adopted to produce the stable polymorphs of glycine, mefenamic acid and 5-methyl-2-[(2-nitrophenyl) amino]-3-thiophenecarbonitrile (commonly known as ROY because of its red, orange and yellow polymorphs) under conditions that would produce metastable forms in bulk solution. [1] [2] [3] However, the crystallisation of organic hydrates has yet to be studied using this methodology. Dipicolinic acid (DPA, pyridine-2,6-dicarboxylic acid), which is known to exist as an anhydrous form, 4 a monohydrate form 5 and a dihydrate form 6 under ambient conditions, was chosen as a model compound for such a study.
DPA was first isolated in 1936, 7 and is an essential part of bacterial spores. 8 DPA is a chelating agent for metal complexes and can also form hydrogen-bonded cocrystals with, for instance, caffeine 9 and urea. 10 Our initial studies into crystallisation of DPA from aqueous solution in microemulsions produced metal DPA salts rather than the free acid expected. This was considered to result from a pH shift towards neutrality in the microemulsion droplets, 11, 12 which may arise from the preferential adsorption of H+ ions at the droplet interface. 12 The pH shift, combined with DPA's metal binding ability, then leads to the precipitation of salts. To prevent DPA salt formation, DPA can be dissolved in 2M HCl solutions to ensure a sufficiently acidic 3 environment in the microemulsion phases for the free acid to crystallise. We have found that the DPA that crystallises under these conditions has a morphology that suggests a non-classical crystal growth route, involving oriented aggregation of nanocrystals 13 rather than molecule by molecule growth.
The concept of non-classical crystallisation was described by Cölfen and Antonietti 14 as a process involving parallel, multiple nucleation events to form nanoparticles, which then aggregate to form a superstructure, in contrast to a single nucleation event producing a single crystal. The orientated attachment of the nanoparticle building units can result in either a single crystal or in a highly-organised structure, termed a mesocrystal, in which the nanocrystalline buildings blocks are nevertheless still evident. 14, 15 In particular, if the nanocrystals fuse in crystallographic registry with few impurities included, a single crystal develops, and evidence for the individual nanocrystalline building blocks characteristic of the non-classical crystallisation route, can be lost. In contrast, if the nanocrystals remain separated by disordered layers, the final structure is a mesocrystal, in which the nanocrystalline building blocks are still discernible.
Mesocrystals are usually transient and kinetically metastable, with single crystals being the final product. Nevertheless, mesocrystal formation has been reported for a wide range of materials, including biominerals 16, 17 (e.g. sea urchins 18 and hydroxyapatite 19, 20 ) and metal complexes (e.g. CuO 21 and V 2 O 5 22 ), but only a few organic compounds (e.g. DL-alanine 23, 24 ).
Although the synthesis of metal and inorganic nanoparticles from microemulsions is wellestablished, [25] [26] [27] the formation of organic nanocrystals from microemulsions has been less welldocumented. 28 Here we report the formation of mesocrystal-like structures of size ~30-100 nm arising from the oriented aggregation of DPA nanocrystals in microemulsions, and suggest a 4 possible formation mechanism. To our knowledge, this is the first time oriented nanoaggregates of an organic molecule have been grown from microemulsions.
EXPERIMENTAL SECTION
Microemulsion preparation. The surfactant systems adopted in this study were Triton X-100/1-hexanol (w/w 2.2:1) and Triton X-114. The surfactants, Triton X-100 (polyoxyethylene tert-octylphenyl ether, C14H22O(C2H4O) n , n~9.5) and Triton X-114 (polyoxyethylene tertoctylphenyl ether, C14H22O(C2H4O) n , n~7.5) and cosurfactant 1-hexanol were purchased from Sigma-Aldrich and used without further purification. Cyclohexane was used as the continuous phase, with the ratio of surfactant(s) to cyclohexane maintained at 1. SAXS measurements. SAXS measurements were performed on a Bruker Nanostar SAXS instrument, with cross coupled Gδbel mirrors and pin-hole collimation for point focus geometry.
The sealed-tube X-ray source was operated at 40 kV and 35 mA to produce Cu Kα radiation of wavelength 1.54 Å. The SAXS camera was fitted with a Hi-star 2D detector with an effective pixel size of 100 μm. Microemulsion samples were contained in 2 mm quartz capillaries. The optics and sample chamber were under vacuum to minimise air scatter. The scattering data collected was analysed using GADDS software. The background scattering from the solvent is subtracted and the scattering pattern of the sample is integrated to give the one-dimensional scattering intensity function I(q). q is the length of the scattering vector, defined by q = (4π/λ)sinθ, with λ being the wavelength and 2θ the scattering angle. The sample to detector distance was chosen to be 650 mm, providing a q range of 0.3 to 3.2 nm -1 . The collection time was 8 hours.
SAXS GIFT analysis.
In GIFT analysis, 29 the scattering intensity I(q) is related to the product of the form factor P(q) and the structure factor S(q) arising from intra-and interparticle scattering, respectively:
where n is the number density of particles. P(q) is given by the Fourier transformation of the pair-distance distribution function, p(r):
The p(r) function gives the frequency of occurrence of vectors of length r, weighted by the electron density at either end of the vector. p(r) contains essential information about the size and shape of the scattering particles, without additional hypothesis.
S(q) describes the spatial distribution of the particles and is related to the pair-correlation function g(r)
by:
GIFT analysis was used to obtain the pair distance distribution function p(r) and a mean droplet size, r, of the microemulsions by employing a hard sphere structure factor to account for the interparticle interactions. A Porod extrapolation was first undertaken on the SAXS data, with this residual background then subtracted from the scattering intensity function I(q). The subtraction of the residual background ensures the p(r) function has a value 0 at r = 0 but has little effect on the distribution at larger distances, and the determined droplet sizes. and Supporting Information Figure S1c) ; both features are common for microemulsion samples and can arise from either a droplet or bicontinuous structure. However, the absence of Winsor III systems when excess oil and water are added to the microemulsions suggests that a bicontinuous structure is not formed; instead an excess water phase developed below the microemulsion consistent with the Winsor II water-in-oil microemulsion system. A water-in-oil droplet structure would also be expected from the relatively low dispersed phase volume fractions. Consequently, the scattering curves were analysed using GIFT analysis 29 
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The solubility of DPA in the microemulsions was determined from the quantities of DPA monohydrate that dissolved in microemulsions held at 4 C for 1 month. In the Triton X-100/1-hexanol microemulsions, DPA has a significantly increased solubility compared to bulk aqueous solutions. At 4 C, the solubility of DPA in the Triton X-100/1-hexanol microemulsions was 9.4 mg DPA per ml of 2 M HCl compared to only 3.1 mg per ml of 2 M HCl for the Triton X-114 microemulsions, which did not have added 1-hexanol. DPA has a solubility in hexanol of 3 mg ml -1 at 4 C, which is similar to its value of 2.5 mg ml -1 in water at 4 C. Consequently, the enhanced DPA solubility in the Triton X-100/1-hexanol microemulsions arises because the high interfacial concentration of 1-hexanol results in DPA residing to a significant extent within this interfacial region. The Triton X-100/1-hexanol and Triton X-114 microemulsions with 12 mg ml -1 DPA in the aqueous phase had mean relative supersaturations of 1.3 and 3.9, respectively, at 4
C whilst the 18 mg ml -1 DPA Triton X-100/1-hexanol microemulsion had a mean relative supersaturation of 1.9. Despite these mean supersaturation levels, macroscopic-sized crystals
were not produced even after 6 months. In comparison, bulk DPA solutions at this temperature and supersaturation ratio crystallised within hours and by varying the pH and solvents could be used to produce anhydrous, monohydrate and dihydrate forms (Supporting Information Figures   S2, S4 and Table 1 ). DPA aqueous solutions in Triton X100/1-hexanol microemulsions without the added 2M HCl crystallised in a few days and gave sodium DPA salts (Supporting Information Figures S3 and S5 ). To further investigate the lack of macroscopic DPA crystals in DPA microemulsions with added 2M HCl, TEM was employed to visualise the samples at the nanometre scale.
Square-shaped nanoaggregates of ~30-100 nm were observed using TEM analysis for Triton X-100/1-hexanol microemulsions using 18 mg ml -1 ( Figure 2 ) and 12 mg ml Note the integrity of the hydrogen-bonded dimers are preserved when cutting though the (101) planes shown in red.
For the Triton X-114 microemulsion samples, the DPA nanocrystals observed in the TEM were also of the monohydrate form (Supporting Information Figure S8 ) and consisted of nanocrystals of size ~5-10 nm with similar orientation to the DPA nanoaggregates obtained from Triton X-100/1-hexanol microemulsions. In the Triton X-114 case, however, the aggregates tended to be of poorer organisation, so that although the individual nanoparticles were more distinct, the FFTs showed more arcing ( Figure 5 ). were not obtained. However, the individual 5-10 nm primary building particles were more distinct compared to the Triton X-100/1-hexanol system due to their less organised packing.
Although the precise mechanism leading to the oriented aggregation process requires further study, the formation of the primary 3-10 nm DPA monohydrate nanocrystals is likely to occur first, followed by a slower aggregation process. The preservation of the 3-10 nm nanocrystals is aided by both the suppression of Ostwald ripening in the microemulsions and surfactant adsorption onto the particles.
